Invasive alien plants (IAPs) pose a serious threat to the already limited water resources in dry countries like South Africa which are facing increasing water shortages. Much of South Africa is expected to get drier in future due to climate change. In addition, the future climatic conditions are also predicted to accelerate the rate at which IAPs will spread, due to favourable growing conditions, further disrupting the provision of goods and services. Previous studies on tree water use in South Africa focused on commercial forests of introduced genera mainly Pinus, Eucalyptus, and Acacia. This study sought to expand these observations by quantifying water use and its drivers in riparian Grey Poplar (Populus canescens) invasions in the Berg River catchment of South Africa. Whole tree hydraulic resistance ranged from ~ 1.4 MPa·h·g -1 for large trees to ~14.3 MPa·h·g -1
INTRODUCTION
The total area infested by invasive alien plants (IAPs) in South Africa is over 100 000 km 2 Van Wilgen et al., 2001 ) which is over 8% of the country's total area. These invasions are mostly concentrated in the wetter parts of the country which are key sources of water for the country's major rivers. A lot of the invasions also grow along river channels and in floodplains, thereby directly affecting stream flows (Scott and Prinsloo, 2008) and groundwater sources (Clulow et al., 2011) . A substantial portion of South Africa is expected to get drier in future due to climate change (Midgley et al., 2003) , especially the Southwestern Cape Region. Exacerbating the effects of the invasions in these regions is the fact that the new climatic conditions are predicted to accelerate the rate at which IAPs will spread (Richardson and Van Wilgen, 2004) , exceeding the current rate of ~ 5% per annum (Le Maitre et al., 2000) .
In the past, the majority of tree water-use studies in South Africa focused on single-species commercial plantations of introduced tree genera such as Pinus, Eucalyptus and Acacia (Gush et al., 2002; Dye and Versfeld, 2007; Scott and Prinsloo, 2008; Clulow et al., 2011) . A few recent studies have established the water use by these, and other species, outside plantations, in areas where the species are invasive. These include A. mearnsii (Dye et al., 2008) , Pinus halepensis (Dzikiti et al., 2013a) , Prosopis spp. (Dzikiti et al., 2013b; Ntshidi et al., 2015) , and Eucalyptus camaldulensis . However, information gaps still remain on the water use and hydrological impacts of key species such as Populus canescens (P. canescens) and willows (Salix species), which constitute a combined 12.1% of the invaded area in South Africa (Van Wilgen, 2008) .
This study therefore seeks to close this information gap by focusing on the water use of P. canescens invasions in the Berg River catchment of the Western Cape Province, South Africa. Besides the paucity of information on water use by IAPs, few studies provide quantitative information on the factors that limit water use by invasive alien plants. Calder and Dye (2001) , for example, identified 6 controls and limits on water use by vegetation. These include: radiation, advection, soil moisture, tree size, drop size, and physiological factors. In this study we investigate, in detail, some of these limiting factors for poplars which have ready access to stream water year-round. We specifically investigate the role of various climate driving variables and physiological factors, principally the hydraulic characteristics of the transpiration stream of the invasions. The values obtained are subsequently compared with those found in other climatic regions.
The hydraulic resistance, for example, is an important measure of the efficiency with which trees take up water. It influences transpiration rates, particularly the balance between root water uptake and leaf transpiration (Jones, 1990) . Hydraulic capacitance, on the other hand, gives an indication of the ability of trees to store water for later use, e.g., when water supply does not match demand (Steppe et al., 2006) . A recent study by Pfautsch et al. (2016) suggests that prevailing climatic conditions play a critical role in the hydraulic properties of species and this, in turn, determines the volumes of water used by the plants.
The specific objectives of this study were to: (i) quantify the diurnal and seasonal water use characteristics of riparian
MATERIALS AND METHODS

Study site
The study was done along the Franschhoek River, which is a perennial tributary of the upper Berg River, on Eikenhof Farm (33.884334°S and 19.060978°E, elevation 190 m amsl). The site is about 6 km to the west of Franschhoek town in the Western Cape Province of South Africa (Fig. 1) , and comprised of dense invasions of P. canescens of varying age-groups, with the tallest trees exceeding 10 m. A survey of a 10 m × 60 m plot (600 m²) yielded 56 P. canescens trees translating to a tree density of approximately 933 plants·ha -1 . Stem diameters at breast height (DBH) of the trees ranged from 9.2 cm for small trees to 24 cm for the largest trees. Small trees were dominant, comprising ~33.9% of the total population with a mean stem size for the stand of approximately 17 cm. A number of understorey indigenous species, notably Wild Peach (Kiggelaria africana), also grew as scattered individuals in the stand. Soils at the site were predominantly deep sandy soils interspersed with dark-red clayey loam soils. There were a number of stream-side boulders lining the stream channel.
The adjacent farmland on either side of the river, situated less than 20 m from the trees, was planted to vines under drip irrigation. The climate of the study area is Mediterranean with most of the rain falling in winter (May to August), with a long-term average rainfall of ~863 mm·a -1 . The long-term average temperature is 18.9°C with maximum and minimum temperatures of 42.5 and 1.02°C, respectively. Poplar is a deciduous tree species. In South Africa new leaves develop in early spring, around September, and peak canopy cover is reached in summer in early to mid-November. Senescence and leaf fall occur at the beginning of winter in May.
Climate, transpiration and growth measurements
Data were collected from the study site over one calendar year from February 2015 to February 2016. Transpiration was measured using the heat ratio method of the heat pulse velocity (HPV) sap f low technique (Burgess et al., 2001 ) on 3 trees with different stem diameters at breast height (DBH). The sap f low rates were measured hourly throughout the study. A metal template with 3 holes spaced 6 mm apart was used to drill the holes to minimize probe misalignment. The sap f low monitoring system comprised a data logger (Model CR1000, Campbell Scientific, Inc., Logan UT, USA), a multiplexer (Model AM16/32B; Campbell Scientific, Inc., Logan UT, USA), a custommade relay control module, a 70 Ah battery, 12 heaters and 12 T-type (copper-constantan) thermocouple pairs. 
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The thermocouples were installed at several depths into the sapwood, ranging from 10 to 24 mm, in each stem in the four cardinal directions to capture the circumferential and radial variation in sap velocity (Wullschleger and King, 2000) . Methylene blue dye was injected in the stems to determine the extent of the active xylem vessels (sapwood depth) where the thermocouples were positioned. The average bark thickness was about 5 mm while the wood density of the stem averaged 0.465 g·cm -3 and the wood moisture fraction was about 43%. The sap flow data was corrected for wounding according to the approach described by Swanson and Whitfield (1981) . The instrumented trees were growing less than 5 m from the river channel. Therefore, it is highly likely that they had access to river water given that the lateral root systems of the poplars can extend more than 10 m away from the main stem. The leaf area index (LAI) (m 2 of leaf area per m 2 of ground area) of the stand was recorded using an LAI-2000 plant canopy analyser (Li-Cor., Inc., Lincoln, Nebraska, USA). Leaf area index measurements were taken at 2-weekly intervals at the start of the growing period and less frequently (once in 2 months) during the rest of the growing season.
Hourly weather data were obtained from an automatic weather station managed by the Agricultural Research Council (ARC) located at a nearby farm (La Motte), which was less than 3 km from the study site. Variables monitored included solar radiation, air temperature, relative humidity, wind speed and direction, and rainfall. The weather station was located on a short grass surface in an open space away from obstructions. Most of the sensors were installed at the standard height of 2.0 m above the ground.
Evaporation, soil and tree water status
The volumetric soil water content was monitored hourly at 15 cm depth throughout the study using time domain reflectometers (Model CS616, Campbell Scientific, Inc., USA). The CS616 sensors were connected to the CR1000 data logger. Additional hourly data of soil evaporation, open water evaporation from the stream, and leaf water potential were collected manually on selected clear days in late spring (October 2015) , and early and late summer in December 2015 and February 2016, respectively. Soil evaporation was measured using 4 micro-lysimeters situated in areas having different shading conditions and distance from the river channel. Open water evaporation was measured using 2 evaporimeters located in the middle of the stream channel, while a Scholandertype pressure chamber (Model: 615 PMS Instrument Company, Albany, OR, USA) was used to measure the leaf water potential hourly. Four mature, healthy and fully expanded leaves were selected and used for the leaf water potential measurements. Two of the leaves were sun-exposed while the other two were shaded. 
RESULTS AND DISCUSSION
Microclimate
Daily data for Eikenhof Farm for a full year showed the typical seasonal trends in climatic variables, i.e., maximum (Tmax) and minimum temperatures (Tmin), solar radiation, average wind speed and rainfall (Fig. 2 ). Data were missing 
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between October and November 2015 due to equipment failure on the automatic weather station at La Motte. However, suitable data from another automatic weather station on a nearby farm (Bien Donne) were obtained from the ARC for this period and the missing data were patched. Correlations were established between the weather variables at the two stations and the resulting regression equations were used to gap-fill the missing data.
Maximum daily air temperature peaked at 43°C during late summer in March 2015 while the lowest minimum temperature of 1.03°C was recorded in July 2015. The highest monthly rainfall recorded during the study period was 161 mm in June and 164 mm in July 2015, respectively. Total rainfall during the study period amounted to 606 mm which was approximately half of the reference evapotranspiration of over 1 120 mm over the same period. The annual rainfall was also lower than the long-term average for the site (~863 mm), consistent with the drought experienced in the Western Cape Province during the study period. The reference evapotranspiration (ETo) was calculated using the modified Penman-Monteith equation for a short grass reference that is healthy and actively growing, according to Allen et al. (1998) 
Eco-hydrological measurements
Sap flow (water-use) volumes recorded in the P. canescens trees illustrate the highly seasonal nature of the transpiration dynamics associated with this deciduous species (Fig. 3) . Transpiration rates were highest in the summer months, declining rapidly in autumn to early winter, between April and May, as the trees shed their leaves and as the atmospheric evaporative demand dropped. No sap flow was detectable between mid-May and the end of September when the trees were leafless. Sap flow resumed shortly after the first flush of spring leaves in September. The seasonal variation in transpiration was consequently attributable primarily to the deciduous nature of this species and the seasonal changes in the atmospheric evaporative demand. The trees likely transpired at the maximum rates given the proximity of the trees to the stream channel. Daily transpiration volumes in the instrumented trees peaked at between 5 and 6 L for the smallest tree (Tree 2 ~ 9.2 cm DBH), 15 to 20 L for the medium-sized tree (Tree 1~16.2 cm DBH), and 35 and 40 L for the largest tree (Tree 3 ~ 24 cm DBH). Annual transpiration totals for the 3 study trees were weighted according to the number of trees in the size class that they represented (based on the stand stem diameter survey). A single transpiration rate for the stand was determined accounting for variations in stem diameter across the study site (Table 2 ). Individual tree transpiration volumes (L·yr -¹) were also scaled up to weighted stand equivalent depths of water-use (mm·yr -1 ) using the stand sapwood area index (m 2 of sapwood per m 2 of ground area). The large instrumented tree (Tree 3) transpired between 6 000 and 7 000 L·yr -¹ compared to about 1 000 L·yr -1 for the smallest instrumented tree (Tree 2).
Daily stand-level transpiration rates for the poplar-invaded site peaked at about 4.0 mm during the hot and dry summer weather. However, the annual transpiration was only 338 mm from February 2015 to February 2016. This figure is fairly low compared to the annual transpiration rates reported for other riparian invasions. For example, Dzikiti et al. (2013a) measured the annual total transpiration of Pinus halepensis invasions at a montane site about 25 km from the current study area to be about 3 times higher than that by the poplars, at 980 mm. In another study further downstream on the Berg River, the annual total transpiration by Eucalyptus camaldulensis trees was approximately 833 mm . Dye and 
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Figure 3 Daily sap flow volumes recorded in riparian P. canescens tree at Franschhoek with small (a), medium (b), and large (c) stem sizes
Jarmain (2004) recorded annual transpiration rates of Acacia mearnsii (Black Wattle) invasions, also in the Western Cape, amounting to 1 503 mm, while a similar value (~ 1 500 mm) was reported for Saltcedar invasions in Australia by (Table 3 ). Doody and Benyon (2011) measured annual transpiration rates of up to 2 410 mm on Salix babylonica (Weeping Willow) invasions growing along a stream channel in Australia. These figures illustrate that riparian invasions have the ability to use large quantities of water and therefore potentially have adverse effects on the water resources.
The relatively low water use by the poplars is a result of the deciduous nature of the species while the prevalence of young trees at our study site may have a played a role, among other factors. Regarding the drivers of transpiration for the poplars, the daily transpiration was strongly correlated to daily solar radiation (R 2 > 0.81) (Fig. 4a) , suggesting that radiation was not a limiting factor for water use by this species.
However, the vapour pressure deficit of the air (VPD) limited transpiration and substantial reductions occurred at VPDs higher than 1.5 kPa (Fig 4b) 
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to the soil water deficit at the 15 cm depth, given that the trees likely accessed river water (Fig. 4c) . As expected the soil water content levels closely followed rainfall events, climbing from 5% in summer to a maximum of 26% in winter (July) (Fig 5) .
Leaf area index, forest floor evaporation and stand evapotranspiration
For the August 2015 survey the P. canescens trees had no leaves, and so the leaf area index was zero. For the second campaign on 6 October 2015, the leaves of the trees were rapidly expanding and the stand LAI was 1.8 m 2 ·m -2 . Transpiration, soil and open water evaporation measurements indicated partitioning of the evaporative fluxes during a phase of active leaf growth. The last two sets of measurements took place when the trees were at their maximum canopy cover (LAI ~2.3 m 2 ·m -2
). The diurnal trends in the open water evaporation were influenced by both the climatic conditions and by shading by the tree canopies (Fig. 6a) . The summer measurements (December and February) recorded the highest open water evaporation rates with peaks higher than 1.0 mm·h -1 around midday. Evaporation in August was also high, peaking at 0.7 mm·h -1 due to lack of shading when the trees had no leaves. Open water evaporation was lowest in the October campaign, peaking at less than 0.4 mm·h -1 when the atmospheric evaporative demand was relatively low and there was considerable shading of the water surface. Hourly forest-floor evaporation followed the course of the atmospheric evaporative demand in all of the campaigns (Fig. 6b ). It appears that there were no significant differences in the hourly soil evaporation trends for all the surveys with maximum values of 0.5 mm·h -1 .
Assuming that the open water in the stream occupied approximately 15% of the study area, with canopy cover of 0% in late winter (August 2015) and approximately 65% during the summer campaigns (estimated from the stand LAI), the bare soil fraction was therefore about 85% in August and 20% during the summer months. The daily evapotranspiration, calculated as the weighted total of evaporation from the soil, open water, and tree transpiration, was therefore 2.1 mm in August 2015, 0.96 mm in October 2015, 2.0 mm in December 2015 and 1.61 mm in February 2016. The reference evapotranspiration for these days was 2.19 mm in August, 3.38 mm in October, 6.63 mm in December, and 5.78 mm in February. Based on the above estimates, the contributions of the open-water and forest-floor evaporation to stand-level ET were, respectively, 8 and 92% in August. Soil evaporation, open-water evaporation, and transpiration were, on average, 33, 17 and 50% of stand ET during the summer months. 
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Leaf water potential and tree hydraulic resistances There were no significant differences (p < 0.01) in the diurnal water status of the poplar invasions for data collected in October 2015, December 2015 and February 2016 (Fig. 7) . Differences in the water status were compared between the three surveys using one-way analysis of variance. The midday leaf water potential dropped to −1.6 MPa. If the data are extrapolated backwards (Fig. 7) , it is clear that predawn leaf water potential was less than −0.4 MPa, suggesting that the trees had access to ample water. The midday depression in the leaf water potential was therefore a reflection of the imbalance between water uptake by the roots and transpiration by the leaves (in phase with the atmospheric evaporative demand), and this is a function of the hydraulic properties of the trees. We therefore used the sap flow ) and leaf water potential (ψ l, in MPa) data to estimate the whole plant hydraulic resistance (R x , in MPa·h·g -1 ). The hydraulic resistance gives an indication of the efficiency with which the hydraulic system transports water from the roots to the leaf stomata. According to Jones (1992) , a simple Ohm's law analogue can be used to relate the stem sap flow rate to the water status of the trees, such that:
where ψ s is the soil water potential. Given that the trees showed no signs of water stress and likely had access to river water throughout the year, we assumed that the soil water potential in the active root zone was zero. So the graph of stem sap flow (F) vs. the leaf water potential has a slope of −1/R x . Typical hydraulic resistances for P. canescens trees scaled with stem size (Table 4) . Larger trees had a low hydraulic resistance of 1.4 MPa·h·g -1 while smaller trees had high resistances of up to 14.3 MPa·h·g -1
. These values are more than 10 times higher than those presented for the same species by Zhang et al. (1999) in the maritime temperate climate in England. This suggests that although the trees had ready access to water, the hydraulic system likely limited the volumes of water that could be transported through the transpiration stream at a given time. The difference in the hydraulic resistances was probably due to climatic differences between the sites, as suggested by Pfautsch et al. (2016) , and possibly differences in the wood anatomy. As a result of the high hydraulic resistances, the time lags between water uptake by the roots and transpiration by the small trees was around 1 h while it was between 1 and 2 h for the large trees (Fig. 8) . Up to 15% of the daily transpiration of the P. canescens trees was water withdrawn from the internal storage pools early in the day (Fig. 9) .
But this water was subsequently replaced as evidenced by stem sap flow which continued well after sunset, only stopping after 22:00 (Fig. 9) .
To accurately quantify the impacts of the invasions on the water resources, information on the incremental water use by P. canescens over and above that used by the indigenous vegetation that would replace the invasions once cleared is needed Scott-Shaw et al., 2017) . Water use by the co-occurring indigenous vegetation in the study area was not quantified in this study. However, the transpiration rates by the P. canescens trees were very low compared to the other riparian species, such that the incremental water use will likely be negligible.
CONCLUSIONS
This study shows that P. canescens invasions growing along a river channel in the Western Cape have a fairly conservative impact on the water resources. Reasons for the low water-use 
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rates include the deciduous nature of the species. This shortens the length of the transpiring period leading to reduced seasonal transpiration totals. Another possible reason is the high hydraulic resistance in the transpiration stream of P. canescens, which limits the quantities of water that can transported from the roots to the shoots at a given time. Reasons for the high hydraulic resistances are unclear, although the prevailing environmental conditions may have played a role. Given the low water use rates of P. canescens, this species could receive a low priority in alien plant clearing programmes aimed at salvaging water.
